Synchrotron small-angle X-ray scattering analysis of the bilayer structure of a pharmacologically relevant sterically stabilized liposome system is presented. Describing the electron density profile of the bilayer with the superposition of Gaussian functions, the contribution of the poly(ethylene glycol) (PEG) layers to the total electron density was identified. The changes in the thickness of the PEG layer as well as the distribution of the PEG chains among the outer and inner leaflets of the bilayers were followed by changing the molar ratio of the PEG-lipid and the molar weight of the PEG molecule.
Introduction
The appearance of liposomal drug delivery systems was the beginning of the continuously growing field of nanomedicine. Though the idea of using liposomes as carriers for different drugs came just a few years after the observation of the formation of spherical lamellar structures from phospholipids in excess water (Bangham, 1995) , it took several decades until liposomal formulations reached the pharmaceutical product level (Barenholz, 2001 ). An important breakthrough on this field was the development of long-circulating liposomes (also called as sterically stabilized liposomes, SSLs), which was achieved by the incorporation of lipopolymers into the liposomal constituents. The ubiquitous lipopolymer in SSLs is polyethylene glycol (PEG) covalently attached to phosphoethanolamine (mPEG-DSPE or DSPE-PEG), which assign the 'stealth' character to these drug delivery vehicles (Barenholz, 2001 and citations therein). The first liposomal drug was Doxil, a PEGylated liposomal doxorubucine (Lasic, 1996; Gabizon et al., 2003) , which was followed by many other products.
Considering the important role of the PEG layer grafted on the liposomal surface (Barenholz, 2001; Garbuzenko et al., 2005.) , its characterization is very critical and is required to be performed for PEGylated liposomal drug delivery systems, as highlighted in a recent review (Jiang et al., 2011) . In this review, Jiang et al. also summarized the potential methods which can be used for determination of the PEG-layer thickness, namely measuring the amount of bound water to the PEG layer by differential scanning calorimetry and ultrasound velocity measurement (Tirosh et al., 1998) , determination of the fixed aqueous layer by measuring the Zeta potential of the liposomes at different ionic strengths (Sadzuka et al., 2002) , and describing the interaction of the PEG layer with the surrounding water molecules by NMR spectroscopy (Garcia-Fuentes et al., 2004) . All these investigations can reveal the structure of the PEG chains, however the observed quantities in these methods are in indirect connection with it. None of these methods give direct information on the conformation and thickness of the PEG layer in contrast with small-angle X-ray scattering (SAXS) which provides a direct measurement of that.
SAXS is the method of choice for the structural characterization of materials on the nanometer size range, and it is commonly used for the study of liposomes (see e.g. Pabst et al., 2010 and citations therein) . Most of these investigations deal with multilamellar systems, which yield quasi-Bragg peaks on the diffraction pattern. The lamellar repeating distance can be obtained from the position of the peak, while the relative intensities of them enable the deduction of the electron density (ED) profile of the bilayer building block (Blaurock and Wothington, 1966) . Applying the osmotic stress method in small-angle X-ray scattering, Kenworthy et al. (1995a,b) and Hristova et al. (1995b) studied the structure of bilayers containing PEG-lipids with different molar weights, and related the observed pressure -distance relations to the theoretical models of Alexander, de Gennes and Milner on the conformation of surface grafted polymers (Alexander, 1977; de Gennes, 1980; Milner at al., 1988; Marsh at al., 2003) . There exist also full q-range models for the interpretation of the whole SAXS curve of multilamellar liposomes, which serve information also about the interactions between the bilayers (Pabst et al. 2003 ).
There are less investigations dealing with unilamellar liposomes (or vesicels, ULVs), the scattering pattern of which contains only the 'diffuse scattering' from the uncorrelated bilayers. ULVs are usually prepared by extrusion using a polycarbonate filter with a defined pore size. This method enables to produce diluted samples that -together with fact that the electron density contrast between the water and the bilayer is small -results relatively weak scattering signal in case of SAXS. This is the reason behind that these investigations are usually carried out at synchrotron sources, but state-of-the-art laboratory instruments can also reach that sensitivity (Nadler et al., 2011) . SAXS was already applied to describe the influence of extrusion on the average number of bilayers (Jousma et al., 1987) , but also to describe the electron density profile of different ULV systems from synthetic (Bouwstra et al., 1993; Hirai et al., 2003; Brzustowicz and Brunger, 2005) , and natural origin (Castorph et al, 2010) . Small-angle neutron scattering was also applied to study ULVs (Uhriková et al., 2008; Kiselev et al., 2003; Arleth and Vermehren, 2010) , which exploits the large scattering length density contrast of protonated lipids and heavy water.
Recently, we applied SAXS to describe the bilayer structure of an SSL system (Varga et al., 2010) based on the Gaussian model of Brzustowicz and Brunger (2005) . A different approach was applied by Arleth and Vermehren for the interpretation of SANS data on different SSLs (Arleth and Vermehren, 2010) . In this article we present the SAXS analysis of a liposome system with pharmacologically relevant lipid composition with varying PEG-lipid molar ratio and using PEG-lipids with two different PEG molar weights. We also give the comparison of the resulting ED profile with a theoretical prediction on the monomer density of surface grafted polymers (Milner et al., 1988) .
Experimental

Materials and methods
Synthetic high purity hydrogenated soy lecithine (HSPC) was purchased from NOF Corporation (Japan), 1,2-Distearoyl-sn-Glycero-3-Phosphoethanolamine-N-[Methoxy (Polyethylene glycol)-2000] (DSPE-PEG2k) and 1,2-Dimyristoyl-sn-Glycero-3-Phosphoethanolamine-N-[Methoxy (Polyethylene glycol)-1000] (DMPE-PEG1k) were purchased from Avanti Polar Lipids (U.S.A.). Cholesterol was purchased from Sigma (Germany). All the chemicals were used without further purification. Unilamellar liposome samples were prepared by the thin film method. Briefly, the components in the weight ratios of HSPC:DSPE-PEG2k:Cholesterol = 3:1:1, 3:2:1 and 3:0.5:1 (corresponding to the molar ratios of 0.565:0.053:0.382, 0.537:0.1:0.363, and 0.58:0.027:0.393, respectively) for the samples referred as SSL-1, SSL-2, and SSL-0.5, respectively, and HSPC:DMPE-PEG1k:Cholesterol = 3:0.6:1 (corresponding to the molar ratios of 0.565:0.053:0.382) for the sample referred as SSL-PEG1k were dissolved in chloroform:methanol mixture (2:1 v/v). The solvent was then evaporated at 40 °C and the resulting lipid film was kept in vacuum overnight to remove residual traces of the solvent. 10 mM, pH=7.4 Tris (Sigma, Germany) buffer solution made of ultrapure water (18.2 MΩcm) was added to the samples to gain a total lipid concentration of 16.2 mg/ml. Ten freeze-thaw cycles by using liquid nitrogen and lukewarm water bath were applied for homogenization. Finally, the samples were extruded ten times through polycarbonate filters (Nucleopore, Whatman Inc.) with 100 nm pore size using a LIPEX extruder (Northern Lipids Inc., Canada). The extrusion was performed at 60°C. We chose the above mentioned composition for the SSL-1 system because it is identical to that of the first commercially available liposomal drug, namely the Doxil/Caelyx.
SAXS measurements
SAXS measurements were performed on beamline B1 (Haubold et al., 1989) at HASYLAB at DESY (Hamburg, Germany) and on beamline ID02 (Bösecke, 1992; Narayanan et al., 2001) at ESRF (Grenoble, France). At B1, the samples were filled into quartz capillaries with 1 mm diameter (Hilgenberg Ltd., Germany). The energy of the incoming X-ray beam was set to 8.6 keV, and the 2D scattering patterns were collected with a Pilatus 1M hybride-pixel detector (Dectris Ltd., Switzerland) with an exposure time of 10 min. At ID02, a flow-through capillary cell with 1.8 mm diameter was used. The energy of the incoming X-ray beam was set to 12 keV and the 2D scattering patterns were collected with a FReLoN CCD detector with an exposure time of 100 ms. All the measurements were carried out at room temperature. The scattering patterns were corrected for background scattering, and the geometry of the experimental arrangement. The scattering curves were obtained by radial averaging of the patterns and were normalized to the primary beam intensity and corrected for transmission. Finally, the calibration of the curves to absolute units of macroscopic cross section (cm -1 ) was performed by the use of a glassy carbon standard (B1) and water (ID02).
DLS measurements
The particle size distribution of the liposomal systems was determined utilizing dynamic light scattering (DLS) with a Zetasizer Nano ZS (Malvern Instruments, U.K.) instrument. The intensity averaged diameter distribution was characterized by the average value and by the polydispersity index (PDI).
Modell fitting procedures
In order to describe the electron density (ED) profile along the normal of the phospholipid bilayer, we applied a Gaussian model (Brzustowicz and Brunger 2005; Varga et al., 2010) . Briefly, the ED is described by the sum of Gaussian functions, hence the scattered intensity as the function of the scattering variable, , where is half the scattering angle and λ is the wavelength of the incident X-ray beam, reads ,
where ρ k , z k , and σ k is the relative weight, position, and width of the kth Gaussian function (Brzustowicz and Brunger, 2004) . The average radius of the liposomes is taken into account with R 0 . Previously we have found that the SAXS curve of an SSL system can be adequately described by a so called 2G model, in which the hydrocarbon chain region is represented by one, while the headgroup region by two Gaussian functions. These two functions describe the phosphate group region and the PEG shell. During the model fitting procedures presented in this paper we applied two different approaches, one corresponding to a symmetric bilayer, i.e. only with three independent functions, and the other which takes into account the asymmetric distribution of the PEG-chains among the inner and outer monolayers, i.e. four functions were independently varied. The headgroup Gaussians were always assumed to be symmetric to the bilayer center. Non-linear least square fitting according to the Levenberg -Marquardt algorithm was performed by using the "lsqcurvefit" routine of Matlab (MathWorks, U.S.A.).
Results and discussion
The SAXS curves of the sterically stabilized liposome samples containing different concentrations of PEG-lipid (namely SSL-1, SSL-0.5 and SSL-2) are shown in Fig. 1 , together with the SAXS curve of the sample containing DMPE-PEG1000 (SSL-PEG1k). The best fitting model functions using Eq. 1 are also shown in Fig. 1 . As mentioned previously, we fitted the symmetric and asymmetric models for all the four cases, and the resulting parameters summarized in Table 1 . The radius of the liposomes determined based on DLS measurements are presented in Table 2 . The results show that all the four samples contain unimodal distribution of liposomes with average diameter of approximately 100 nm. Since a small deviation in R 0 causes negligible differences in the calculated curves, R 0 =50 nm was fixed for all the four cases during the model fitting.
The comparison of the two models, i.e. the symmetric and asymmetric ones, for the SAXS curve of the SSL-1 sample, shows that the introduction of asymmetry in the distribution of the PEG-chains causes small, but systematic improvement in the fit. Previously we have observed that the asymmetric model results an increase in the intensity at the local minima of the scattering curves in the q-range of 0.35 -0.4 nm -1 (Varga et al., 2010) . According to the plot of residuals versus q for the two models, significant difference can be seen in the above mentioned q-range, underlining the asymmetric distribution of the PEG-lipids among the two monolayers. The ED profiles of the bilayer for the SSL-1 sample according to the two fits are shown in Fig. 2 . The contribution of the headgroup, the hydrocarbon, and the PEG-regions are also displayed in the figure.
The SAXS curves for the systems SSL-2, SSL-0.5 and SSL-PEG1k shown in Fig. 1 indicate that the asymmetric model gives a definitely better fit for SSL-2, where the mole fraction of the PEG-lipids is doubled in comparison to the sample SSL-1. On the other hand, there is no significant difference in the two models, if the mole fraction of the PEG-lipid is halved (SSL-0.5) or a PEG-lipid with halved molar weight of the PEG group is used (SSL-PEG1k). The latter is also reflected in the errors of the parameters corresponding to the best fits in these cases, namely the increased errors for the parameters of the PEG-chains in the asymmetric model show that this model is overparametrized for the scattering curves of these samples. In summary, the asymmetric model applies for the SSL-1 and SSL-2 samples, while the symmetric model is acceptable for the SSL-0.5 and SSL-PEG1k samples. The corresponding ED profiles are shown in Fig. 3 .
The results from the fitting of the SAXS curves can be compared to the theoretical predictions. There are two different cases for the conformation of the lipopolymers grafted on the bilayer surface depending on the relationship between the Flory radius of the polymer group (defined as , where N is the number of monomers and a is the size of the monomer unit) and the grafting density of them. The so called "mushroom" conformation is formed when the polymer coils do not overlap, while in the opposite case, the interaction between the neighboring polymer coils leads to the formation of the "brush" structure. These structures were first described by the Alexander -de Gennes scaling theory (Alexander, 1977; de Gennes, 1980) , while a different, mean-field treatment was proposed by Milner et al. (1988) . According to these theories, the equilibrium length of the polymer chain in the brush conformation can be expressed as , (2) with D being the distance between the grafting points defined as , where is the area per lipid and is the mole fraction of the PEG-lipid (Marsh et al., 2003) .
In order to calculate L MF and R F , the size of the monomer and the grafting density of the PEG-chains have to be estimated. The reported size of the oxyethylene unit is 0.39 nm (Evans et al., 1996) , but values of 0.35 nm from theoretical predictions (Hristova and Needham, 1995b) and 0.43 nm from adhesion measurements (Evans et al., 1996) order to obtain the monomer density as a function of the distance from the surface (z), Milner et al. (1988) have developed a self-consistent mean-field theory for polymer brushes. As a result, they obtained a quadratic dependence:
which was in accordance with previous Monte Carlo simulations. In Fig. 4 we compare the ED contribution of the PEG-chains according to the Gaussian model function for the outer leaflet from the fitting of the SAXS data of the SSL-1 sample with the theoretical segment density distribution from Milner et al. using the above mentioned L MF values. The grafting plane was defined as , where z H and are the position and the width of the Gaussian function representing the headgroup region. The latter definition takes into account the distance between the first monomer of the PEG chain and the phosphate group of the lipids (maxima of the headgroup Gaussian). The two distributions are comparable, apart from the different decay of the functions at larger z values. The theoretical profile matches to that obtained from the SAXS fit with the value of a=0.43 nm that is slightly larger than the theoretical size of the monomer in accordance with previous adhesion measurements on PEG grafted liposomes (Evans et al., 1996) .
Based on these results, we propose to use , with z PEG and being the position and the width of the Gaussian function representing the PEG chains, for the characterization of the PEG layer thickness in the framework of the Gaussian model. This assumption leads to the values summarized in Table 3 . In the case of SSL-0.5 and SSL-2 samples, the structures of the polymer layers are according to the "mushroom" and "brush" configurations, respectively, while the SSL-1 sample represents an intermediate between these two cases according to Garbuzenko et al. (2005) . Using a=0.43 nm for the size of the monomer gives 4.2 nm and 2.6 nm for the Flory-radii of PEG2000, and PEG1000, respectively, which agrees well with the 4.1±0.1 nm and 2.7±0.1 nm for the average thicknesses of the PEG layers for the SSL-0.5 and SSL-PEG1k samples obtained from the SAXS fit. The value for the SSL-PEG1k sample implies that this system is also in the "mushroom" conformation in accordance with the consideration of its Flory-radius and the grafting density of this sample. For the SSL-1 sample, the asymmetric model applies, which results also different thicknesses of the PEG layers among the inner and outer leaflets. The obtained values for the latter are close to the theoretical value of 4.7 nm using 0.7 nm 2 for the area per lipid, and the above mentioned value for the size of the monomer. The largest difference between the values obtained from the SAXS fit and from the mean-field theory can be seen in the case of the SSL-2 sample. In this case, the meanfield approximation results 5.8 nm while the measured values are 4.8±0.2 and 5.1±0.1 nm for the inner and outer leaflets, respectively. There are several reasons that can account for this deviation: Either the validity of the mean-field model and the parameters used can be questionable, or the Gaussian model in the SAXS fit or the applied procedure to calculate the PEG-layer thickness from the ED profile can be inadequate for this composition. According to Garbuzenko et al. (2005) the PEGlipid molar ratio of the SSL-2 sample is far from the bilayer to micelle transition (which occurs at 30 mol% PEG-lipid), but the presence of PEG-lipid micelles can also account for the later observation. On the other hand, significant amount of micelles would also contribute to the SAXS curve of the system in the used q-range.
Independently from the PEG-layer thickness, we calculated the integrated electron densities of the PEG-layers for the SSL-1 and SSL-2 samples in order to quantify the partitioning of the PEG-lipids among the inner and outer monolayers. We used the ED profiles from the fits, and performed the integration with the limits defined by the grafting planes, and taking into account the spherical correction, i.e. integrated . We obtained 0.33:0.67 for the ratio of the inner/outer PEG-chains for the SSL-1 sample and 0.25:0.75 for the SSL-2 sample, which is in semi-quantitative agreement with the prediction of ~0.4:0.6 from theoretical predictions (Rovira-Bru et al., 2002) .
Conclusions
The SAXS analysis of the thickness of the PEG-layer of four sterically stabilized liposome samples is presented. By changing the molar ratio and type of the PEG-lipids in the liposome composition, we observed systematic changes in the scattering curves. Applying a Gaussian model, we identified the contribution of the PEG-layers to the total electron density profile and obtained a good agreement with the theoretical predictions of the self-consistent mean-field calculation on the structure of surface grafted polymers. We got asymmetric distribution of the PEG-lipids for the lipid composition identical to Doxil, the first approved liposomal drug, and symmetric for the same composition but containing a PEG-lipid with halved molar weight of the PEG group. The distribution of the PEG-lipids is also asymmetric for the sample with doubled, and symmetric with halved molar ratio of the PEGlipid. , where there are a significant differences between the two models for the SSL-1 and SSL-2 samples (A and B, respectively). The reproducibility of the measurements is demonstrated in A (SSL-1 sample), where the measured curves from the B1 and ID02 beamlines are shown (the curve from B1 is shifted for better visibility). Fig. 4 The contribution of the PEG layers to the total electron density in the case of the SSL-1 sample (outer monolayer). The profile from the SAXS fit is compared to the theoretical monomer density according to the mean-field approximation with different parameters. The step function with L MF =4.7 nm is also indicated in the figure.
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